Pancreatic cancer is a devastating disease with poor prognosis. Production of large quantities of extracellular matrix and early metastasis are characteristics of this disease. One important step in the development of various cancers is the loss of E-cadherin gene expression or inactivation of E-cadherin mediated cell-cell adhesion. It has been shown that collagen type I promotes downregulation of E-cadherin expression, which correlates with enhanced cell migration and invasiveness. In this context, we elucidated the role of Smad-interacting protein 1 (SIP1), which has been discussed as a negative regulator of E-cadherin gene expression. We demonstrate that SIP1 upregulation shows an inverse relationship with E-cadherin in advanced pancreatic tumour stages. In Panc-1 cells, SIP1 expression can be induced by exposure to collagen type I in a src-dependent manner. In addition, overexpression of SIP1 reduces E-cadherin mRNA and protein levels. Taken together, these results suggest that SIP1 is involved in the progression of pancreatic cancer and plays a role in mediating signal transduction from collagen type I to downregulate E-cadherin expression.
Highly invasive growth and early onset of metastasis are responsible for the poor prognosis of pancreatic adenocarcinoma. One major prognostic parameter for invasive growth and metastasis is the loss of E-cadherinbased cell-cell adhesion, which often correlates with downregulation of E-cadherin on the protein and/or the mRNA level (Birchmeier and Behrens, 1994) . Moreover, re-expression of E-cadherin in E-cadherin-negative carcinoma cells leads to reversal to a well-differentiated, non-invasive phenotype (Frixen et al., 1991; Vleminckx et al., 1991; Seidel et al., 2004) . In pancreatic cancer, loss of membranous E-cadherin localization is correlated with lymph node metastasis and advanced tumour stage (Pignatelli et al., 1994) . Various processes can lead to E-cadherin downregulation, for example, mutations in the E-cadherin gene (reviewed by Berx et al., 1998) , silencing of the E-cadherin promoter through hypermethylation (Yoshiura et al., 1995) , alterations in chromatin structure or transcription factor binding (Hennig et al., 1995) , as well as increased turnover and diminished stability of the protein induced by phosphorylation or alterations in the association with catenins (reviewed by D' Souza-Schorey, 2005) . While genomic mutations in the E-cadherin locus seem to be rather rare events, there are various studies that report a correlation between upregulation of transcription factors like snail (Cano et al., 2000) , slug (Hajra et al., 2002) or twist (Yang et al., 2004) , which repress E-cadherin promoter activity, and decline of E-cadherin concentration. Recently, SIP1 (ZFHX1B/ZEB2), a Smadinteracting protein , has been reported to bind to E-boxes in the E-cadherin promoter, where it acts as a transcriptional repressor (Comijn et al., 2001) . SIP1 is a member of the small Zfh-1 family of multi-zinc-finger transcription factors containing a homeodomain. SIP1 binds with two clusters of zinc-fingers simultaneously to two defined DNA target sites . SIP1 was identified in a large-scale screen for cancer-related genes, implicating a putative role in oncogenic transformation (Mikkers et al., 2002) .
We addressed the question if SIP1 promotes the progression of pancreatic cancer and specifically if it is involved in the loss of E-cadherin-mediated cell-cell adhesion. We performed quantitative reverse transcription-PCR (RT-PCR) analysis to investigate SIP1 and E-cadherin expression levels in normal pancreatic tissue and pancreatic cancer tissue. Samples consisted of snapfrozen material gained in curative resections in accordance with ethical guidelines. The results are shown in Figure 1a . The six normal tissue samples showed high E-cadherin levels and low levels of SIP1. In contrast, five out of 12 tumour samples showed at least twofold elevated SIP1 levels and low E-cadherin levels, whereas tumour samples exhibiting low SIP1 levels generally showed high E-cadherin mRNA levels. An inverse correlation between amounts of SIP1 and E-cadherin mRNAs was observed in 10 out of 12 tumour samples. Additionally, we performed quantitative RT-PCR with microdissected material from normal pancreatic tissue, pancreatic intraepithelial neoplasia (PanIN3) and pancreatic carcinoma. As shown in Figure 1b , progressing stages of pancreatic cancer correspond to increasing amounts of SIP1. These findings strongly suggest that SIP1 is involved in the downregulation of E-cadherin in pancreatic cancer.
Pancreatic carcinomas produce high amounts of extracellular matrix (ECM) consisting mainly of fibronectin, collagen type I and collagen type V (Mollenhauer et al., 1987) . The microenvironment influences cell differentiation and behaviour and is considered as an important factor in cancer progression (reviewed by Erickson and Barcellos-Hoff, 2003) . Our group has previously shown that pancreatic carcinoma cell lines grown on collagen type I show reduced E-cadherin expression compared to cells grown on tissue culture plastic (TCP) (Menke et al., 2001) . We addressed the question if SIP1 plays a role in the mechanism of collagen type I-induced E-cadherin downregulation. Therefore, we analysed SIP1 and E-cadherin expression in Panc-1 cells grown on TCP, collagen type I or fibronectin for 3 days (Figure 2 ). We observed that cells grown on TCP or fibronectin had low levels of SIP1 mRNA, whereas E-cadherin mRNA was abundant ( Figure 2a ). In contrast, cells grown on collagen type I showed an obvious increase in SIP1 mRNA levels and a correspondingly lower concentration of E-cadherin mRNA. To investigate whether the observed increase of SIP1 and decrease of E-cadherin mRNA concentrations in cells grown on collagen type I resulted in altered protein concentrations, we analysed SIP1 and E-cadherin protein concentrations by Western blotting (Figure 2b ). Cells grown on collagen type I exhibit a Figure 1 An inverse correlation between SIP1 and E-cadherin mRNA levels is observed in pancreatic cancer samples. (a) SIP1 and E-cadherin mRNA levels were analysed by quantitative RT-PCR in tissue samples from normal pancreas (N) and from pancreatic cancer (P). One microgram of total RNA was mixed with random hexamer primers and reverse transcribed using superscript reverse transcriptase (Invitrogen TM Life Technologies, Karlsrube, Germany). Quantitative PCRs were carried out with the ABI Prism 7700 Sequence detection system (Applied Biosystems, Darmstadt, Germany) using gene-specific primers and SYBR Green PCR Master Mix. SIP1 and E-cadherin expression were normalized to RPLP0 expression. Values are given in relation to the mean of all six control samples. (b) Microdissected material from at least three samples of normal pancreatic tissue, pancreatic intraepithelial neoplasia (PanIN3) and pancreatic cancer was analysed by quantitative RT-PCR (Heidenblut et al., 2004) . SIP1 and E-cadherin mRNA levels were normalized to cyclophilinA and values are given in relation to the mean of the expression levels in normal pancreatic tissue. Thus, we can demonstrate an inverse correlation between SIP1 and E-cadherin concentrations on the mRNA and protein levels in Panc-1 cells depending on the cell environment. We observed no changes in the mRNA levels of other transcription factors that have been reported to be able to downregulate E-cadherin in Panc-1 cells grown on TCP, collagen I or fibronectin. Figure 2c shows a representative RT-PCR experiment detecting snail, slug and twist. Densitometry analysis of at least three individual semiquantitative RT-PCRs confirmed that SIP1, but not snail, slug or twist, is upregulated in Panc-1 cells grown on collagen type I ( Figure 2d ). As it has been described that SIP1 downregulates the activity of the E-cadherin promoter in epithelial cells such as breast carcinoma cell lines (Comijn et al., 2001 ), we performed luciferase reporter assays in pancreatic carcinoma cells transfected with pGL3-Ecad178, a fragment of the E-cadherin promoter containing the SIP1-binding sequences . SIP1 quenched the basal activity of the E-cadherin reporter construct in a dose-dependent manner (Figure 3a) . To investigate if the observed downregulation of E-cadherin promoter activity leads to reduction of E-cadherin protein levels, we analysed E-cadherin protein concentrations in pEGFP-or pEGFP-SIP1-transfected Panc-1 cells. Forced EGFP-SIP1 expression in Panc-1 cells resulted in a marked decrease in E-cadherin protein levels as shown in Figure 3b . We obtained similar results with another pancreatic cell line, PaTu8902 (data not shown).
We have reported before that E-cadherin downregulation induced by collagen type I in pancreatic cancer cells depends on src kinase activity (Menke et al., 2001) . The non-receptor tyrosine kinase src is discussed as a mediator of ECM-derived signalling (reviewed by Avizienyte and Frame, 2005) . Therefore, we asked if src activity may be necessary for collagen type I/SIP1 regulation of E-cadherin expression. To test this hypothesis, we incubated Panc-1 cells grown on collagen type I with 0.5 or 1 mM of the src inhibitor SU6656 (Blake et al., 2000) for 24 h. Figure 4a and b show that treatment of cells with 0.5 mM SU6656 diminished and treatment with 1 mM SU6656 completely abolished the To test if the collagen I-induced endogenous SIP1 influenced E-cadherin gene expression, we performed luciferase reporter assays from cells grown on TCP or collagen I with and without src inhibitor (Figure 4c) . Apparently, the E-cadherin reporter construct is less active in cells grown on collagen type I than in cells grown on TCP. Addition of the src inhibitor SU6656 restores the activity of the E-cadherin reporter construct in cells grown on collagen type I in a dose-dependent manner.
Consistent with our findings that SIP1 mRNA is upregulated in pancreatic cancer samples, elevated levels of SIP1 have been shown in other cancers like intestinal type gastric cancer (Rosivatz et al., 2002) and oral squamous cell carcinoma (Maeda et al., 2005) . Although SIP1 can bind to the E-boxes of the E-cadherin promoter, which has been suggested to downregulate E-cadherin, it has been observed that SIP1 overexpression does not always correlate with E-cadherin downregulation. Similar findings were observed for other transcription factors, for example, snail and slug, which like SIP1 are able to downregulate E-cadherin promoter activity (Batlle et al., 2000; Hajra et al., 2002; Rosivatz et al., 2002) . These data mirror the complexity of E-cadherin regulation. The inconsistent effect of the presence of SIP1 on E-cadherin expression levels in different tumours may also be explained by the presence or absence of cofactors in these tumours. For instance, it has been shown that sumoylation of SIP1 by Pc2, although not affecting the half-life or the nuclear localization of the protein, has a negative effect on its ability to repress the activity of the E-cadherin promoter (Long et al., 2005) . Postigo et al. (2003) have suggested that repression of Smad-mediated transcription by SIP1 depends on binding of the C-terminal binding protein (CtBP) to SIP1, leading to recruitment of this corepressor to the Smad complex. Indeed, SIP1 represses Smadmediated transcription, whereas its close family member dEF1 synergizes with Smad-mediated transcription. In the case of dEF1, binding of the acetyltransferase P/ CAF leads to acetylation of several lysine residues of dEF1, resulting in displacement of CtBP, whereas SIP1 is unable to interact with P/CAF (Postigo et al., 2003) . On the other hand, it has been shown that SIP1 does not need to be associated with CtBP for repression of the E-cadherin promoter, as a SIP1 mutant that cannot bind CtBP reduced E-cadherin promoter activity as efficiently as wild-type SIP1 (Van Grunsven et al., 2003) . Still, it cannot be excluded that there are other yet unidentified SIP1 binding partners that are necessary to induce E-cadherin transcriptional repression. Our data show that SIP1 is able to repress the transcription of E-cadherin in pancreatic epithelial cells and they suggest that the downregulation of E-cadherin expression in pancreatic carcinoma cells grown on collagen type I is mediated by SIP1 upregulation and subsequent downregulation of E-cadherin promoter activity. This view is supported by the findings in Sip1 knockout mouse embryos, which show upregulation of E-cadherin in tissues where Sip1 is usually expressed, such as the neuroepithelium and the neural tube . There is also evidence that SIP1 might affect various aspects of cancer progression. Data from Sip1 knockout mice demonstrate that Sip1 is necessary for the migratory capacities of cranial neural crest cells . Moreover, SIP1 promotes the expression of matrix metalloproteinases MMP-1, MMP-2 and MT1-MMP in hepatocellular carcinoma cell lines (Miyoshi et al., 2004) .
In summary, we suggest that SIP1 may contribute to the high migratory activity of pancreatic cancer cells by downregulation of E-cadherin. Pancreatic carcinomas have an unusually high metastatic potential, and SIP1 expression is elevated in a substantial number of cancer samples tested. E-cadherin downregulation, as a prerequisite for migratory activity, would be the first step in the development of an invasive metastatic phenotype.
